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[1] This study presents a systematic and quantitative
analysis of the effect of inhomogeneous surface albedo on
shortwave cloud absorption estimates. We used 3D radiative
transfer modeling over a checkerboard surface albedo to
calculate cloud absorption. We have found that accounting
for surface heterogeneity enhances cloud absorption.
However, the enhancement is not sufficient to explain the
reported difference between measured and modeled cloud
absorption. INDEX TERMS: 0320 Atmospheric Composition

and Structure: Cloud physics and chemistry; 1640 Global Change:

Remote sensing; 3322 Meteorology and Atmospheric Dynamics:
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1. Introduction

[2] Anomalous shortwave cloud absorption is defined as
the difference between measured and model-calculated
absorption. Regardless of the recent debates about the size
of the effect [Ackerman et al., 2003; O’Hirok and Gautier,
2003; Valero et al., 2003], there is no doubt that some
discrepancies exist between observed and calculated cloud
absorption, which tend to be a bias rather than a random
error [Valero et al., 2003]. This excess absorption is on the
order of 10 W/m2 [O’Hirok and Gautier, 2003; Valero et al.,
2003]. Any such bias is of concern since radiative transfer
models are tacitly assumed to be unbiased in climate
modeling and remote sensing applications.
[3] Numerous efforts have been made to identify potential

sources of this shortwave cloud absorption bias, including
sampling issues in the observations, measurement uncertain-
ties, cloud inhomogeneity, microphysics optical properties,
and aerosol loadings [Barker, 1992; Marshak et al., 1997;
Valero et al., 1997; Cess et al., 1999; Knyazikhin et al.,
2002; Ackerman et al., 2003; O’Hirok and Gautier, 2003;
Oreopoulos et al., 2003]. Based on high-resolution spectral
albedo data, along with a state-of-the-art radiative transfer
model [Li et al., 2002], [Li et al., 2003] stated that account-
ing for the heterogeneity of surface albedo could eliminate
the systematic difference between measured and modeled
cloud absorption. However, the influence of inhomogeneous
surface albedo has been ignored in most radiative transfer
models. As a result, up to now, there have been no systematic

and quantitative analyses of the effects of surface heteroge-
neity on cloud absorption estimates. This study aims both
to understand how more realistic treatments of surface
heterogeneity affect cloud absorption and to examine
whether the bias between observed and modeled cloud
absorption could be explained by inhomogeneous surface
albedo.

2. Approach

[4] We used the Discrete-Ordinate-method (DISORT)
[Stamnes et al., 1988], a Monte Carlo method [Marchuk
et al., 1980], and the Spherical Harmonics Discrete Ordinate
Method (SHDOM) [Evans, 1998] radiative transfer models
to calculate cloud absorption. Models were set up with
clouds over a surface with a checkerboard albedo a (shown
in Figure 1), where the complexity of clouds increased
from homogeneous to broken. The checkerboard surface
was changed from the extreme case of black (a = 0) and
white (a = 1), having the largest contrast, to a black and
gray (a = 0.5) pattern, which is closer to measured albedos
for the Atmospheric Radiation Measurement (ARM)
program Southern Great Plains (SGP) central facility.
Cloud properties are defined via cloud optical depth t
and single scattering albedo v0, and cosine of the solar
zenith angle (SZA) is denoted as m0. For simplicity,
molecular scattering, aerosols and gaseous absorption are
not taken into account.
[5] Based on energy conservation, cloud absorptance A

can be computed from reflectance R and transmittance T as

A að Þ ¼ 1� R að Þ � 1� að ÞT að Þ; ð1Þ

where A, R, and T are all functions of Lambertian surface
albedo a, and (1 � a)T presents total surface absorption.
Note that A, R, and T are also functions of t, v0 and m0. For
plane-parallel clouds,

R að Þ ¼ R0 þ
T2
0a

1� aR*
ð2Þ

and

T að Þ ¼ T0

1� aR*
; ð3Þ

where R0 and T0 are cloud reflectance and transmittance,
respectively, in the case of black surface and R* is the
reflectance of clouds when illuminated from below by
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upwelling isotropic radiation [Liou, 2002, pp. 365–366].
Then, equation (1) can be rewritten as

A að Þ ¼ 1� R0 �
T0 aT0 þ 1� að Þ½ �

1� aR*
: ð4Þ

Here R0, R*, and T0 are independent of surface albedo a,
and only depend on cloud properties and solar angles.
[6] In order to understand the effects of surface hetero-

geneity on cloud absorption and to compare the results from
both one-dimensional (1D) and three-dimensional (3D)
calculations, we used three different approaches. Note that
even for plane-parallel 1D clouds, the checkerboard-surface
problem requires 3D calculations. The first approach treats
the surface with the ‘‘surface independent pixel approxima-
tion’’ (SIPA). It computes cloud absorption independently
for each column with its associated surface albedo, and then
averages absorption over all columns. The second approach,
homogeneous-surface (HS), applies an average surface
albedo. The third approach involves no approximation and
does full 3D radiative transfer calculations. The following
sections provide quantitative comparisons of these three
approaches for various cases.

3. Homogeneous Clouds

3.1. Cloud Absorption Bias Between SIPA and HS

[7] Except for the trivial case of v0 ! 1 that corresponds
to A! 0, it follows from equation (4) that d2A/da2 	 0, i.e.,
A(a) is a concave function. Therefore,

A
a1 þ a2

2

� �

 A a1ð Þ þ A a2ð Þ

2
ð5Þ

for surface albedos 0 
 a1, a2 
 1. Obviously, the left hand
side of equation (5) represents the homogeneous-surface
(HS) cloud absorption estimate, while the right hand side
corresponds to the SIPA estimate. Therefore, for horizon-
tally homogeneous clouds, averaging surface albedos
always decreases cloud absorption.
[8] The above theoretical conclusions can be illustrated

by DISORT numerical calculations. Figure 2 depicts the
dependency of cloud absorption on surface albedo for one
example with overhead sun illumination, an arbitrary optical
depth t of 16 and various cloud single-scattering albedos

v0. Indeed, the cloud absorption follows a concave rela-
tionship with surface albedo. For a black (a = 0) and white
(a = 1) checkerboard surface, Figure 3 illustrates the
differences between SIPA and HS as a function of t for
homogeneous clouds, overhead sun, and various v0. The
bias between SIPA and HS is always positive, which is
confirmed by equation (5).
[9] Over all reasonable sets of (t, v0, m0) for shortwave

radiation and with a black and white checkerboard surface,
the biggest absolute difference between SIPA and HS
estimates occurs at (t, v0, m0) = (16, 0.99, 1.0) with a
value of 0.028. The difference associated with this particular
set of cloud properties and solar angle reflects the most
pronounced impact of surface heterogeneity that we pro-
duced for homogeneous clouds. It serves as the best
situation to examine further how scales of surface hetero-
geneity affect cloud absorption when 3D modeling is

Figure 1. Schematic illustration of model setup.
Figure 2. Relationship of cloud absorptance to surface
albedo for overhead sun illumination, t = 16, and various
cloud single-scattering albedos (v0). This plot is based on
DISORT calculations.

Figure 3. Differences between cloud absorptance esti-
mates from the surface independent pixel approximation
(SIPA) and the homogeneous-surface assumption (HS), as a
function of cloud optical depth t. Results are obtained from
DISORT assuming a black and white checkerboard surface,
overhead sun illumination, and varying single-scattering
albedos v0 from 0.96 to 0.999.
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involved. Thus, for convenience, we refer hereafter to this
particular case as the biggest-effect case.
[10] One might argue with the adequacy of the absolute

bias between SIPA and HS estimates to determine the
biggest-effect case. The biggest absolute difference is of
greatest interest here since the effects of surface heteroge-
neity might be obscured in a case of small absolute but large
relative bias due to limitations of model accuracy. There-
fore, we define the biggest-effect case based on the absolute
difference, although the relative bias will be used as well.

3.2. 3D Modeling

[11] The effects of surface albedo variability on homo-
geneous clouds from 3D radiative transfer modeling are
demonstrated via a scale ratio s, defined as

s ¼ h

d
; ð6Þ

where h is cloud base height and d is the horizontal scale of
surface heterogeneity (shown in Figure 1). Figure 4a depicts
the curve that relates cloud absorption to the scale ratios for
the biggest-effect case. Note that the abscissa is on a
logarithmic scale. Cloud absorptance decreases with
increasing scale ratio, with a total change of approximately
8%.
[12] In the limiting case of small s, due to small h and/or

large d, photons reflected from a surface pixel will interact
only with a cloud located directly above this pixel. In this
limit, cloud absorptance approaches the SIPA estimate. In
the limiting case of large s, cloud absorptance approaches
the homogeneous-surface (HS) estimate. For large s, cloud
absorption in a vertical column is due to photons reflected

from many different surface pixels. As a result, the surface
looks gray to clouds, which is close to the HS assumption.

4. Inhomogeneous Clouds

[13] The previous section has demonstrated the effects of
surface heterogeneity on cloud absorption for homogeneous
clouds. However, observed clouds are rarely uniform with-
out any internal or horizontal variability [Genkova and
Davies, 2003]. Hence, we need to understand whether
inhomogeneous surface albedos affect cloud absorption
for inhomogeneous clouds in the same manner as they do
for homogeneous clouds. To simulate cloud inhomogeneity,
a fractionally integrated cascade model [Schertzer and
Lovejoy, 1987] was used to generate various cloud struc-
tures. For a variety of cloud fractions 50 realizations were
produced to include different cloud inhomogeneity. Each
realization retains an areal mean optical depth of 16. These
realizations were then used to calculate cloud absorption for
v0 = 0.99 and various solar zenith angles and cloud scales.
We found that there was no significant qualitative or
quantitative difference in the effects of surface heterogene-
ity for fractal clouds as compared to homogeneous clouds
(figures not shown). For 3D clouds, a 5�7% change in
cloud absorption is found between the two limiting cases of
SIPA and HS.

5. Inclusions of Broadband Spectrum, Diurnal
Cycle and Various Clouds

[14] We have demonstrated how inhomogeneous black
and white checkerboard surfaces affect single-wavelength
cloud absorption for homogeneous and heterogeneous
clouds. When we consider variability in t, v0, and m0, the
overall cloud absorption hA(a)i can be computed as

A að Þh i ¼
Z
v0

Z
m0

Z
t
A t;v0; m0;að Þ

� Pt tð ÞPm0 m0ð ÞPv0
v0ð Þdtdm0dv0; ð7Þ

where Pt, Pm0, and Pv0
represent the probability density

functions of t, m0, andv0, respectively. Pt was estimated by
the histogram of simulated optical depths from the cascade
model in overcast cases. The simulated optical depths were
split into five bins. The sample mean of Pt was 16. Pm0 was
approximated by equal weights at zenith angles of 30, 45
and 60�. For Pv0

, we divided the solar spectrum into five
bands with single scattering albedos of 0.9, 0.98, 0.99,
0.996, and 1.0. Then, using a simple quadrature rule to
solve equation (7), we arrived at an average estimate of the
cloud absorption. Note that a more accurate parameteriza-
tion in probability density functions of equation (7) will not
affect our results substantially.
[15] The resulting broadband cloud absorptance over a

black and white checkerboard surface is shown in Figure
4b. The bias due to changes in scale ratio is now less than
4% after considering cloud inhomogeneity, a diurnal cycle,
and broadband absorption. Note that surface albedo a is a
function of wavelength and it should not be held constant in
the integrations. However, for simplicity black and white
surface albedos were employed in the integrations of
absorption A. This simplification does not weaken our

Figure 4. (a) Cloud absorptance as a function of scale ratio
with an underlying black and white checkerboard surface
for the biggest-effect case: (t, v0, m0) = (16, 0.99, 1.0). In
the limiting case of small s cloud absorptance approaches
the estimate made by the surface independent pixel
assumption. In the limiting case of large s cloud absorptance
approaches the homogeneous-surface estimate. (b) Same as
(a), but depicting integrations of equation (7) for cloud
inhomogeneities, wavelengths, and solar zenith angles. The
percentage indicates the relative bias between the smallest
and largest scale ratios. This plot is based on Monte-Carlo
calculations (SHDOM results are found to be reasonably
close).
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demonstration of surface effects on broadband cloud absorp-
tion since the bias here is highly exaggerated. This ‘‘over-
estimated’’ change in cloud absorption showed a substantial
reduction from 8% to 4% in going from the monochromatic
to broadband calculations. One can expect that surface
effects on broadband cloud absorption will be even less
pronounced due to smaller contrasts in surface albedo.

6. Black and Gray Checkerboard Surface

[16] To this point, we have used only a black and white
checkerboard surface in the study. One can imagine that this
surface pattern describes a water pixel adjacent to an ice
pixel, and thus it might not be representative of real-world
applications. Since a range of 0.01 to 0.50 in the spectral
surface albedo was measured around the ARM SGP central
facility [Li et al., 2002; O’Hirok and Gautier, 2003], a black
and gray checkerboard with albedo of 0.0 and 0.5 was also
tested to understand if surface heterogeneity could explain
the observed excess cloud absorption in the ARM SGP
observation environment. Results (Figure 5) indicate that
the change of cloud absorption is less than 1% between the
smallest and largest scale ratios for both single-wavelength
and broadband calculations. This strongly suggests that the
discrepancy between observed and modeled cloud absorp-
tion cannot be explained by surface heterogeneity.

7. Conclusions

[17] This paper presents a systematic and quantitative
analysis of the effect of surface heterogeneity on shortwave
cloud absorption. We have demonstrated that the use of an
averaged surface albedo leads to underestimation of cloud
absorption. We also find that in extreme cases, e.g., an
underlying black and white checkerboard surface, inhomo-
geneous surface albedo makes as much as an 8% (10–
20 W/m2) difference in cloud absorption estimates.
However, in reality, the spectral surface albedo around the
ARM SGP central facility is around 0.01–0.50. In that
observation environment, for any situation of clouds and
solar illumination, the effect of surface heterogeneity on
cloud absorption is negligible, showing less than 0.5%, or
�1 W/m2. This 1 W/m2 difference attributed to surface
albedo is not only less than the uncertainty caused from

other variables, such as water vapor and aerosols, and errors
in radiative transfer models themselves, but also much less
than the discrepancy (order of 10 W/m2) between measured
and model-calculated cloud absorption. Therefore, this
study strongly indicates that accounting for surface hetero-
geneity in radiative transfer models cannot explain anoma-
lous shortwave cloud absorption.
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Science (BER, U.S. Department of Energy, Interagency Agreement No.
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Figure 5. Same as Figure 4, but with a black (a = 0) and
gray (a = 0.5) checkerboard surface in which the albedos
are closer to ARM SGP central facility measurements.
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